223 (5) with a depth recorder attached has been measured to 600 m (7).
It has been proposed that marine mammals do not get decompression sickness (bends) because their blood and tissue nitrogen tensions remain low. Some suggest that the reason the tension remains low is because the volume of gas in the lung at the beginning of the dive is small and that most of this gas, rather than being absorbed, is forced out of the alveoli and into the airways as the animal descends (15).
However, abundant gas bubbles were found in the mesenteric arteries of a young bladder-nosed seal, Cystophora cristata, that died shortly after being forced to dive to 300 m (15). There is also evidence of decompression sickness in other animals during breath-hold dives. Berkson (2) diagnosed decompression sickness in two Pacific green turtles, Chelonia mydas, which died shortly after simulated dives in a compression chamber to 18.7 and 19.4 atmospheres absolute (ATA), an equivalent seawater depth of 177 and 184 m. Paulev (12) has reported symptoms characteristic of decompression sickness, relieved by recompression, in men exposed to repeated breath-hold dives to a depth of 20 m, and it has been suggested that the syndrome called '?aravana" described by Cross (3), which is seen in some Tuamotu pearl divers after serial dives up to 30 m or more, may be decompression sickness. The purpose of this paper is to describe the changes in inert gas concentrations in the blood during simulated deep dives in seals with different habits. Those studied were the Weddell and elephant seal which are offshore deep divers and the harbor seal, p/iota uitulina, which usually remains near shore and is presumably a shallow diver. It was not possible to sample arterial and venous blood in the same experiment. Animals appeared alert a few minutes after withdrawal of anesthesia, but were allowed to recover for a period of at least 90 min $before observations were begun. To simulate dives the seals were restrained and placed in a chamber 59 cm id x 244 cm long. Pressures were read on 15-cm face Bourdon tube gauges (O-60 and O-l,000 psi). The volume of water required to raise pressure in the chamber depended on the volume change of the seal and ,expansion characteristics of the chamber. The additional water needed to achieve pressure when a seal was in the chamber was taken as an index of the lung volume of the seal at the start of compression.
The variation in determinations of known gas volumes of 0.5-6 liters trapped and compressed in the chamber was rt .069 liter (1 SD), n = 2 1, and the mean determined value was .160 liter higher than the known volume. Thus, the water-filled chamber functioned as a sensitive, whole-body plethysmograph.
In the absence of a seal, no fall in pressure could be detected over 0.5 hr.
The door was closed and the chamber was tilted into a 20 O head-up position. In this way it could be filled threequarters with freshwater and still have space for the seal to breathe. Between dives the small air space was flushed with air at a rate of begun by expel1 at mg least the 30 li remai ters ning X ai min-?
The dive was r with water from an adjacent open reservoir and then raising the pressure with a hydraulic pump. At the end of the dive pressure was relieved through a bleed valve. At this time it was possible to tell amounts from 0.001 to 0.007 vol %, which has an insignificant effect on the blood Nz determinations. The solubility of Nz in blood was determined by analyzing samples collected from animals at 1 ATA and breathing room air. The mean of 11 different seals: 4 harbor, 6 elephant, and 1 Weddell seal, in which the hematocrit was between 50 and 60 % packed cells, was 0.0138 mlN, X ml-l X atmNz+ (& 12.9) n = 72. The value in parentheses is the coefficient of variation.
Tests to determine our ability to measure N2 content after equilibration at increased pressures were done in the following way. Distilled water was exposed to 1.0, 6.1, and 11.2 ATA and gently stirred for lo-15 hr at 22 C, after which it was collected in the same way as was blood from seals compressed in the chamber. The differences of the mean from theoretical values (4) for 1, 6.1 9 and 11.2 ATA were -0.9 % (& 3.1) n = 20; + 7.5 % (A 2.4) n = 14; and + 1.0 % (zt 12.9) n = 15, respectively.
The values in parentheses are the coefficients of variation.
An electrocardiogram was obtained throughout each dive and was relied upon as an immediate indicator of condition of the animal. Electrode pads were placed just anterior to the left and posterior to the right foreflipper, and the leads were passed through the wall of the chamber by means of high-pressure hydraulic connectors.
RESULTS
Elephant and Weddell seals. As mentioned earlier, the chamber was used as a whole-body plethysmograph. The sample distribution of diving lung volumes, that volume contained in the respiratory system at the beginning of compression, is presented in Fig. 1 . The mean value for elephant seals is 20.4 ml X kg-l body wt, n = 24. Measurements for the Weddell seal were not possible in this study, but in previous work the diving gas-volume of the same seal was 12.6 ml X kg-l, n = 3 (10).
A total of 57 blood samples was drawn under increased descent and ascent rates for Weddell seals (8). Sampling of blood was accomplished by passing the catheter thro ugh the ch amber wall by means of a Swagelok fitting and connecting it to a high-pressure push-pull fourway valve. One outlet was connected to a stainless steel syringe for flushing the catheter with heparinized saline, and was another was used as the sampling outlet with which it possible with good control to collect blood at pressures as great as 28 ATA.
Samples were collected in duplicate or triplicate within 15-20 set of each other. Sample volume was determined by measuring the specific gravity of the blood and determining the weight of the blood in the syringes or by directly reading the volume from the tuberculin syringes used for collection. The entire sample including any evolved gas was injected into a Van Slyke-Neil1 manometric apparatus for analysis. The 1 -ml blood sample was mixed with 1.5 ml of distilled water, to lake the red blood cells, and vacuum extraction of the blood gases was carried out (13 1. Summary of diving lung volumes, volume of gas in respiratory system at beginning of compression, determined by whole-body plethysmography.
Elephant seal (t@) x = 20.4 ml X kg-l body wt (STPD), n = 24; harbor seal (botlon?) x = 22.6 ml X kg-l body wt (STPD), n = 26. Mean of 1 elephant seal (far right columns) was calculated separately, x = 50.4 ml X kg-' body wt (STPD), n = 5. pressures. There was no difference in results between dives ranging in pressure from 4 and 7.8 to 14.6 ATA; consequently, no distinction for the different dives was made in the summary presented in Fig. 2 . Tensions in arterial blood, responding directly to the alveolar tension, appeared to rise sharply at the onset of compression; the tension was about 2.5 ATA at the earliest measurement, which was approximately 1 min after compression. Six to seven minutes after compression, the Nz tension had fallen to about 1.5 ATA. The arterial Nt tensions were 0.5 to more than 8 times lower than the theoretical maximum tension possible, considering the pressures to which the seals were subjected.
Venous tension, during different dives but similar conditions, rose slowly to an average level of 2 ATA about 7 min after compression. The tensions in both arterial and venous blood took several minutes to return to normal values after decompression. Nitrogen tensions in venous blood of the Weddell seal exhibited a similar pattern (Fig. 2) .
Exceptional among the elephant seals were the results of one animal (70 kg, Table 1 ) in which venous NZ tensions were unusually high. The data are presented separately in Fig. 3 . The diving lung volumes of this seal were also exceptionally large averaging 50.4 ml X kg+ (Fig. 1) .
Harbor seals. Diving lung volumes averaged 22.6 ml X kg-r, n = 26 (Fig. 1) .
A total of 52 blood samples was drawn from animals under increased pressures. The results are summarized in Fig. 4 . In two harbor seals that were dived to 4 ATA, the arterial Nz tension rose gradually to 3 ATA. When one of these animals was dived to a pressure of 14.6 ATA, blood Nz tension 2 min after compression was nearly 5.5 ATA but 4 min later was 2.5 ATA. During decompression this seal was observed to exhale, and after decompression the arterial NZ tension did not appear to drop further until the animal was surfaced. In the shallower dives, Nz tensions appeared to begin falling immediately upon decompression from 4 ATA.
Venous tensions were more variable in harbor seals than in elephant seals, and there appears to be a relationship with pressure. The highest venous N2 tension of almost 5 ATA was measured during the greatest compression of 2 1.4 ATA. Similar to elephant seals the Ng tension gradually increased during the compression period. Also, as in elephant seals, the Nz tensions of arterial and venous blood took some minutes to return to normal following decompression.
DISCUSSION
The inspiratory lung volume of harbor and grey seals, Halichoerus grypus, during forced breathing has been reported to be 50 ml X kg-l, STPD (16). It was 40 ml X kg-l in unrestrained Weddell seals, and the average lung volume of Weddell seals at the end of voluntary dives is 22 ml X kg-l (11) or about 55 % of the inspiratory lung volume. Although inspiratory lung volume was not measured in the harbor and elephant seals used in this study, we presume that it would be of similar proportions to previous observations on seals. Therefore, the average lung volume at the beginning of a dive of 20.4 ml X kg-l for elephant seals and 22.6 ml X kg-l in harbor seals demonstrates that they dive with about 40 % of inspiratory lung volume. One exceptional case was the elephant seal that dove with an average lung volume of 50.4 ml X kg-l, which is probably close to its forced inspiratory lung volume. An estimate of the initial Nz tension possible in the blood if there is complete equilibration between all lung alveoli and pulmonary capillary blood can be calculated by multiplying the ambient pressure by 0.8, the approximate alveolar NZ tension at the beginning of the dive. For example, the theoretical initial Nz tension at an ambient pressure of 14.6 ATA would be 11.7 ATA. The blood N2 tensions observed in the seals are lower than theoretically possible if ambient pressure were the only influencing factor, excepting in harbor seals during dives to 4 ATA, in which case the arterial tension increases during compression to values near theoretical equilibrium (Fig. 4) The importance of a reduced diving lung volume hastening compression and absorption collapse of the alveoli is indicated in the venous N2 tensions illustrated in Fig. 3 . This animal began its dives with a lung volume more than double the other elephant seals (Fig. l) , and the venous Nz tensions are as much as twice those of other elephant seals (Fig. 2) dived to equivalent pressures.
about 40 % of forced inspiratory lung volume, 2) blood N2 tensions were lower than theoretically possible due to ambient pressure, 3) widespread absorption collapse of the alveoli occurred within 7-8 min of compression, and 4) against elephant seals appear to be better protected gas tension elevations than h arbor seals.
inert
The sequence of events in the alveoli and bronchioles which have been suggested are illustrated in Fig. 5 . Although N2 tensions are much lower than expected from ambient pressure, the values might still be considered undesirably high, particularly in harbor seals. The minimum pressure depth at which Nz narcosis occurs in humans is about 3 ATA and the time of onset is sometimes less than 2 min after reaching depth (1). Arterial blood equilibrated with afveoli at this depth would have a N2 tension of 2.4 ATA. This value was exceeded (Figs. 3 and 4) .
To review briefly: I) the seals dived consistently with
The N2 tension at which intra-and extravascular bubble formation occurs is not known in seals. A blood N2 tension ratio of about 2.2/l has been shown to be a common level of bubble occurrence in cats (5). This ratio was exceeded after decompression and before surfacing in some harbor seals (Fig. 4) .
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